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We have studied the Hall effect in superconducting tantalum nitride films. We find a large 
contribution to the Hall conductivity near the superconducting transition, which we can track to 
temperatures well above T c and magnetic fields well above the upper critical field, H C 2(0). This 
contribution arises from Aslamazov-Larkin superconducting fluctuations, and we find quantitative 
agreement between our data and recent theoretical analysis based on time dependent Ginzburg- 
Landau theory. 



I. INTRODUCTION 

Thin superconducting films are characterized by re- 
duced dimensionality and short coherence length, both 
of which contribute to the enhancement of fluctuations 
of the superconducting order parameter above the tran- 
sition temperature. These fluctuations are expected to 
affect both thermodynamic and transport measurements. 
Properties such as the specific heat, magnetization and 
electrical conductivity in the vicinity of the supercon- 
ducting transition have been studied both experimen- 
tally^ and theoreticallyP In particular, fluctuation ef- 
fects on the electrical conductivity were first discovered 
by Glover,™ and the diagonal elements of the conductiv- 
ity tensor (or paraconductivity) are now well understood 
following the original work of Aslamazov and Larkin 4 , 
MakP and Thompson P However, comparable exper- 
imental studies of the off diagonal (Hall) conductivity 
have been relatively limited in scope. 

In this paper we investigate the longitudinal and Hall 
conductivities of ultrathin disordered tantalum nitride 
(TaN x ) films as a function of perpendicular magnetic 
field close to and above the zero field critical tempera- 
ture T c0 = T C (H = 0). Although both the longitudinal 
(R xx ) and Hall (R xy ) resistances vanish in the supercon- 
ducting state, we find an enhanced Hall resistance above 
the superconducting transition temperature T C (H). Such 
an enhanced resistance can be understood by considering 
dominant contributions of time-dependent fluctuation ef- 
fects to the full conductivity tensor above T c . 

The Hall effect at temperatures near T c has been stud- 
ied in thin films of conventional superconductors such 
as MoSi, MoGe, NbGe, and amorphous InOPSSl as well 
as in strongly anisotropic cuprate superconductors.^^ 
Nevertheless, it is not well understood and continues 
to be a topic of active research! 1 ^ For example, an un- 
expected sign reversal of the Hall voltage near T c has 
sparked considerable debate (see e.g. Ref s . fTTI and fT2l and 
references therein). However, all of these studies have 



been complicated by vortex physics below T c or by con- 
tributions from the normal state Hall effect. A number 
of microscopic and phenomenological studies have con- 
sidered contributions due to vorti ces, pi nning effectsj^E^ 
and superconducting fluctuationsP^o] Efforts to recon- 
cile these studies have been hampered by the difficulty 
of probing fluctuation effects in the Hall conductivity in 
conventional superconducting films. Challenges include 
the combination of high carrier concentration and large 
longitudinal resistance typical for such systems. Thus, 
no conclusive picture for the effect of fluctuations of the 
superconducting order parameter on the Hall conductiv- 
ity in the normal phase has been reached. In this paper 
we study field-dependent fluctuation effects in a regime 
where they may be unambiguously separated from vor- 
tex physics and from distinct normal state contributions. 
Thus, we provide a complete description of the Hall ef- 
fect in a thin disordered film close to the phase transition 
into the superconducting state. 



II. EXPERIMENTAL BACKGROUND 

Tantalum nitride films were prepared using sputter de- 
position onto a Si substrate. Sample composition was 
analyzed using x-ray photoemission spectroscopy and de- 
termined to be 50±10 at. % N. Sample thicknesses were 
well controlled using the sputtering time and confirmed 
via x-ray reflectivity and TEM measurements; the sample 
thickness d is 4.9 nm. X-ray diffraction analysis showed 
no sign of crystalline order, and surface analyses showed 
no signs of granularity or inhomogeneity. Samples were 
patterned into Hall bar devices using standard optical 
photolithography techniques and Ar-ion etching, and Ti- 
Au electrical contact pads were deposited using electron 
beam evaporation. The active area of the devices is 400 
/im x 100 /im. Linear longitudinal and Hall resistance 
were measured using standard four-point low frequency 
lock-in techniques in perpendicular magnetic fields; care 
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FIG. 1: Resistance versus temperature of sample 1, a 4.9-nm- 
thick tantalum nitride film, in zero magnetic field and in a field 
of 8 T. The continuous curve shows the expected Aslamsov-Larkin 
enhancement in the conductivity above T c o 2.75 K. The inset 
shows the measured fluctuation conductivity 8a xx for this sample 
plotted versus Zn(T/T cU ) computed using three values of T cU ; the 
solid line depicts a slope of -1.33 which is expected for an AL term 
that is percolation dominated. 



was taken to ensure that all measurements were linear in 
the excitation current. The Hall resistance was extracted 
from the component of the Hall voltage antisymmetric in 
the applied field, and was typically ~ 100 times smaller 
than the longitudinal contribution. Five devices fabri- 
cated from the same film were measured and all demon- 
strated qualitatively identical behavior; the results pre- 
sented in this paper are from two representative devices. 
Throughout the paper the longitudinal and Hall resis- 
tance and conductivity data and theoretical expressions 
are given in two dimensional (sheet) quantities. 



III. LONGITUDINAL RESISTANCE 

To understand the Hall effect, it is important to first 
understand the behavior of the longitudinal resistance. 
Outside the superconducting phase and away from to 
the transition, the system is characterized by two types 
of low energy degrees of freedom: quasiparticles that are 
described using Fermi liquid theory and superconduct- 
ing fluctuations. The normal state conductivity a n far 
from T c is attributed to the quasiparticles. In the vicin- 
ity of the transition, the fluctuations of the supercon- 
ducting order parameter create a new channel for the 
electric current. The main contribution of the supercon- 
ducting fluctuations to the electrical transport can be 
formulated as the "Drudc term" for these degrees of free- 
dom. This contribution corresponds to the Aslamazov- 
Larkin (AL) termPH To estimate the AL term one has 
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FIG. 2: Resistive transitions in applied perpendicular magnetic 
fields between T and 5 T for sample 2; circles are the experimen- 
tal data, and lines are a guide to the eye. Inset: Upper critical 
field H C 2(T) versus temperature; here /ioH c 2(T) was extracted at 
the point where the resistance approaches 50% of its normal-state 
value. The slope dH c 2/dT ~ 1.7 T/K is extracted from a linear fit 
to the data, and the mean-field transition temperature T c o ~ 2.8 
K for this sample. 

to find the lifetime of the superconducting fluctuations, 
t sc , because the Drude-like conductivity is proportional 
to it. The finite lifetime of the superconducting fluc- 
tuations reflects the fact that outside of the supercon- 
ducting phase the creation of a Cooper pair costs energy. 
Upon approaching the temperature-tuned superconduct- 
ing transition this energy becomes small, and r sc grows 
as In -1 (T/T c o). Consequently, the AL contribution to 
the longitudinal conductivity-^ is: 

fc *-*i ta - , (£)- (1 » 

In amorphous films with moderate disorder, the interac- 
tion between quasiparticles and superconducting fluctu- 
ations leads to an additional singular contribution to the 
conductivity. Similar to the AL term, this cont ribution, 
known as the Maki-Thompson (MT) termJ^MD diverges 
as In -1 (T/T cu ). However, the MT term depends also on 
the dephasing time t v : 

MT e 2 ( \nT/T c \ -x(T\ 

This contribution is expected to be less significant in in- 
homogeneous systemsPS Note that the two expressions 
given above correspond to films in which the super- 
conducting fluctuations are essentially two-dimensional 
(2D), while the quasiparticles are three dimensional. 

In Fig. [T] we present the zero-field superconducting 
transition of sample 1; the normal state sheet resistance 
at 10 K is R™ x = 0.94 kfl/D. Also shown in Fig. [I] is the 
resistance measured in an applied field of 8 T, well above 
/^oH^CO) ~ 5 T. The TaN^ film studied in this work can 
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be treated as two-dimensional with respect to supercon- 
ducting fluctuations. Dense measurements of the resis- 
tive transition as a function of temperature and applied 
perpendicular magnetic field near T c on sample 2, shown 
in Fig.[2j were used to extract /io<ffl C 2 / dT ps 1.7 T/K near 
T c . The superconducting coherence length £(0) ~ 8.4 nm 
is larger than the film thickness, d =4.9 nm. Hall mea- 
surements indicate a carrier density of n w 9.1 x 10 22 
cm' 3 for both samples, from which we find that the bulk 
penetration depth is ~ 20 nm. In the presence of disor- 
der the penetration depth increases to A ~ 140 nm, while 
for a 2D film the relevant magnetic screening length be- 
comes Aj^ = X 2 /2d ~ 1970 nm. The mean free path is 
estimated to be I sa 0.2 nm. Measured and calculated 
film parameters for both samples are summarized in Ta- 
ble n 

Adding the AL correction given in Eq. ([I]) to the nor- 
mal state resistance (described in the Appendix), we fit- 
ted the zero-field resistance as a function of temperature. 
In the main panel of Fig. [T] we show that away from to 
T c the AL contribution dominates as expected for this 
class of dirty superconducting films. As the transition 
is approached, however, the AL expression no longer fits 
the data. The divergence of the conductivity is stronger 
than expected from Eq. (JlJ, suggesting that the system 
is inhomogeneous. The inset of Fig. [T] shows that close 
to T c the conductivity diverges as a xx ~ (lnT/T c ) -1,33 
which corresponds to pure AL contributions on a perco- 
lating cluster PH (Note that we do not expect the presence 
of any such inhomogeneity effects to influence the Hall 
conductivity, as was previously shown by Landauer^l 
from geometrical considerations and by Shimshoni and 
AuerbactP^ when quantum effects are included.) An 
additional explanation for the departure from the AL 
term close to T c0 can be attributed to the onset of crit- 
ical fluctuations. This is because the reduced tempera- 
ture lnT/T c o is comparable to the Ginzburg-Levanyuk 
number 2 Gi for this film: 



Gi 



2irk B T c0 K 2 
^oH c2 (O)0 O (i 



0.06 



(3) 



where k is the Ginzburg-Landau parameter. 

Since in this film the superconducting transition is 
broadened, unambiguous determination of the transi- 
tion temperature T c0 is difficult. This large uncertainty 
draws into question any quantitative analysis that re- 
lies on a precise value for T c q. For example, the inset 
of Fig. [T] shows the calculated fluctuation conductivity 
S&xx = en — o n for three different choices of T c0 . Al- 
though all three T cu values fall in the range of tempera- 
tures in which the resistivity drops toward zero, the be- 
havior of 5<t xx as the temperature approaches T c q are dif- 
ferent in each case . Many studies use fits to AL theory 
to extract T c0 ,EEHbut the AL fits with T c0 = 2.7-2.8 K 
shown in Fig. [T] are inconsistent with the fluctuation con- 
ductivity in our films, and we can only roughly determine 
that T c0 is about 2.75 K for this sample. Our analysis 
of the field dependent Hall effect that follows is acutely 
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FIG. 3: Hall resistance R xy (left) and longitudinal resistance 
Rxx (right) of TaN^ sample 1 versus applied magnetic field H at 
temperatures near and above the mean- field T c o ~ 2.75 K. The 
Hall resistance curves have been vertically offset for clarity. At 
temperatures T » T c the Hall resistance is only weakly temper- 
ature dependent and is linear in the applied magnetic field, with 
a slope of fa 0.014 fi/ T corresponding to a 3D carrier density of 
~ 9 X 10 22 cm -3 ; this is shown in the thick gray lines. 



sensitive to T c q, and this approach may be a particularly 
useful probe of this parameter. 



IV. HALL EFFECT 

We turn now to the transverse resistance measure- 
ments. Figure [3] shows the longitudinal resistance and 
Hall resistance of sample 1 as a function of applied per- 
pendicular magnetic field, at temperatures close to and 
above T c0 . In the normal phase of a homogeneously dis- 
ordered film like TaN^, the Hall conductivity is deter- 
mined by the fluctuations of the order parameter in ad- 
dition to the quasiparticles, because vortex physics is not 
relevant. Thus, it is reasonable to expect that at temper- 
atures above T c n the deviation of the Hall conductivity 
from the normal state linear-magnetic-field dependence 
can be attributed to the fluctuations of the order param- 
eter alone. 

Fluctuation contributions to the Hall conductivity 
have been studied using a number of different formalisms. 
From phenomenological considerations, Lobb et al^ pa- 
rameterize the Hall conductivity at temperatures near T c 



with terms proportional to the magnetic field H and H 



o-xj/(H) = 



£i 
H 



c 2 H, 



(4) 



which is intended to interpolate between the low-field 
region where a ~ H _1 , and high fields where a ~ H. We 
find that this simple form does not account for the Hall 
conductivity seen in TaN^ above T c q. 

Recent theoretical studies of supe rcond ucting fluctua- 
tion contributions to the Hall effeclP 2 ^ have extended 
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TABLE I: Measured and calculated TaN^ film experimental parameters. The normal state sheet resistance K xx and carrier 
density n are measured at 10 K. The transition temperature T c o is extracted from analysis of the fluctuation conductivity. The 
slope of the upper critical field dH C 2 /dT evaluated at T c o is extracted from analysis of the resistive transitions of sample 2 in 
an applied magnetic field. The Ginzburg-Landau coherence length £(0), London penetration depth Al, in-plane penetration 
depth Ax, Ginzburg-Landau parameter k, and diffusion coefficient D, are calculated using dirty-limit expressions P 3 -* 
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previous calculations of the Hall conductivity * 18 * 20 ! to a 
broader range of temperatures and magnetic fields. Close 
to the critical temperature, Ref. [27] shows that the fluc- 
tuation Hall conductivity 5a xy for a broad range of mag- 
netic fields is 
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(5) 

The function £n describes the superconducting fluctua- 
tions in the diffusive regime: 



£ n (lj,U,T) = In 



T 



(0 



-iw + ft c (N + 1/2) 
?w. (6) 



The spectrum of these collective modes is determined by 
the equation £jv(w,H, T) = 0. Here, W is the digamma 
function, and fl c = 4|e|/i HD is the energy of the cy- 
clotron motion corresponding to the collective modes 
(where D is the diffusion coefficient and fcs is Boltz- 
mann's constant). Since the superconducting fluctua- 
tions carry charge, the magnetic field quantizes their 
spectrum. This is reflected in the sum over the index N 
appearing in Eq. (|5j). The parameter <j = — ^d\nT c /d/i oc 
1/jef (where Ef is the Fermi energy and 7 the di- 
mensionless coupling constant of the attractive electron- 
electron interaction that induces superconductivity) de- 
scribes the parti cle-ho le asymmetry of the superconduct- 
ing fluctuations I2S12ZI p or a mm with three-dimensional 
electrons and a simple electron spectrum <; is negative. 
This parameter, which is essential for the Hall effect, is 
nonzero due to the energy dependence of the quasiparti- 
cle density of states. 

The expression given in Eq. ^ corresponds to the 
AL contribution to the Hall conductivity in the region 
of classical fluctuations, meaning that it is valid as long 
as £Mj = 0,H,T) < 1. The contributions of the MT 
kincpS to the Hall conductivity are less singular and can 
be disregarded as the transition is approached. In the 
limit H — > 0, our result coincides with the one found in 
Ref. \M 
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FIG. 4: Fluctuation Hall conductivity for TaN^ sample 1 at tem- 
peratures near T c o; the data are offset vertically for clarity. The 
continuous curves corresponding to Eq. |5| show excellent agree- 
ment over a wide range of magnetic fields and temperatures. The 
inset shows similar data and fits for sample 2. 



To fit the experimental data collected at temperatures 
close to T c with Eq. we calculated the Hall conductiv- 
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Far from the transition, 



at high magnetic fields and/or temperatures, the mea- 
sured Hall resistance is linear in the applied magnetic 
field and weakly temperature dependent. This behavior 
is expected at temperatures T T c and/or high mag- 
netic fields where the superconducting fluctuations are 
insignificant. Subtracting the normal (linear in magnetic 
field) component of the Hall conductivity, er" y , leaves 
only the fluctuation contribution 6a xy that is sensitive 
to the onset of superconductivity 



Scr xy 



(8) 
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TABLE II: The best fit parameters, T c0 
both samples. 



fit 



D, and fcs?, for 



Sample 


rpfit 
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(cm 2 /s) 
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2.60±.05 


0.52 


3.4xl0~ 4 
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2.53±.05 


0.59 


4.6xl0~ 4 
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In the temperature range of interest the Hall resistance 
measured at = 14 T changes by ~ 1%; the analy- 
sis that follows is insensitive to this slight temperature 
dependence. We determine the normal state a xy (B) = 
a xy (B = 14 T)/(14 T). (The analysis that follows is not 
sensitive to the exact description of the longitudinal nor- 
mal state resistance, described in the Appendix.) The 
fluctuation Hall conductivity Sa xy calculated for sample 
1 is shown in Fig. |4j along with the fits to Eq. ([5]); the 
inset shows similar data and best-fit curves for sample 2. 
The theoretical calculations are in good agreement with 
the data over a wide range of temperatures and fields. 

In fitting Eq. ^ for each sample, three parameters are 
used for the entire set of Hall conductivity curves: T^ 1 , 
D (the diffusion coefficient that enters f2 c ), and fcg?. For 
sample 1, the best-fit parameters are (i) T^* = 2.60± .05 
K, comparable to that determined from the R xx versus 
T analysis (T c0 ~ 2.75 K), (ii) the diffusion coefficient 
D = 0.52 cm 2 /sec, and (hi) the parameter ksS — —3.4 x 

1Q -4 K -l_ Note that w j th 

a zero-temperature coherence 
length extracted from H C 2, we expect D ~ £ 2 2kBT c o/h w 
0.5 cm 2 /sec. Estimating ? from the carrier density and 
taking 7 rs 0.2 which is suitable for this material, we 
obtain ksc, ~ — 10~ 4 K _1 , in agreement with the values 
obtained from the fit. As is evident from Fig. |1J at T = 
2.6 K sa T c0 the magnitude of Sa xy sharply increases as 
the magnetic held decreases and the transition into the 
superconducting state approaches. As shown in the inset 
to Fig. H the calculated fluctuation conductivity and fits 
to Eq. (pM) for sample 2, are almost identical to sample 1. 
Best-fit parameter values for both samples are listed in 
Table HI 

The above fitting procedure is acutely sensitive to T c q 
due to the stronger divergence of Sa X y as the transition 
is approached [compare Eqs. ([!]) and Q], and provides a 
precise and clear route to extracting T c q. 



V. CONCLUSION 

In summary, we have performed careful studies of the 
longitudinal and Hall conductivities at temperatures near 
and above the zero-field superconducting transition in 
disordered films of TaN^. Studying fluctuation effects 
in the Hall conductivity is an experimental challenge in 
systems with high carrier concentration and large lon- 
gitudinal resistance. These measurements appear to be 
consistent with theoretical analysis over a wide range of 




FIG. 5: Magnetoresistance versus temperature for TaN^ sam- 
ple 1. Panel (a) shows the measured resistance in applied magnetic 
fields of 0, 2, 4, and 8 T. Panel (b) shows the calculated magnetore- 
sistance AR/R as described in the text; the continuous curves are 
guides to the eye, and the vertical bar indicates the approximate 
position of T c q. 



temperatures and magnetic fields. Observation and ver- 
ification of this effect may facilitate more careful studies 
of superconducting contributions to the Hall effect and 
provide a direct route to extract information about the 
particle-hole asymmetry of the superconducting fluctua- 
tions through the parameter Finally, such an analysis 
provides a more precise technique for estimation of the 
temperature where the gap closes. 
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Appendix: Estimation of the normal state resistance 

In many studies the normal state resistance is either 
weakly temperature dependent^ or determined experi- 
mentally by applying a large magnetic field to suppress 
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superconductivity and assuming a negligible normal- 
state magnetoresistance (MR)P3ln our samples, a large 
nonclassical MR prohibits such an approach, and so we 
need a well defined procedure to account for it. Figure [5] 
shows the resistance versus temperature of sample 1 up 
to 30 K for various values of applied magnetic field. The 
lower panel of this figure shows the MR, defined as 



AR 

~R 



(T,H) 



Rxx(T,H) - R X x(T, 0) 
Rxx(T,0) ~ : 



(9) 



calcualted using these same data. According to Kohler's 
rule^l, the classical normal state MR should be a uni- 
versal function of w c r, and in the low-field limit the MR 
AR/R ~ (oj c t) 2 , where uj c = eB/m is the cyclotron fre- 
quency of the electrons, r is their elastic scattering time, 
B = /i()H, and /^o is the magnetic permeability. For our 
samples (cj c t) 2 < 10 -6 , much smaller than the measured 
MR shown in Fig. [5j and the low temperature MR does 
not scale as a universal function of uj c t. While we expect 
superconductivity effects to give a large MR close to the 
superconducting transition, this behavior should decay to 
zero as the temperature or magnetic field are increased. 
The measured MR at 30 K, well above T c ~ 2.8 K, is still 
three orders of magnitude larger than (w c t) 2 , and thus 
we must describe this large non-classical MR. Our first 
step in identifing the normal state resistance R n is to fit 
the data at 10 K < T < 30 K and various magnetic fields 
with the following function: 



AR 



(T,H) = ^(H)exp[-T/T (H)] 



(10) 



By interpolation we can find the phenomenological pa- 
rameters A(H) and To(H) for arbitrary fields, and hence, 
obtain an expression for the normal state MR at all T 
and H. To now determine the normal state resistance 
at zero field, R"(T,H=0), we use the expression for the 
normal state MR given in Eq. ( 10 ) and the resistance 
measured at 



T 



i^ x (T,H = 0) 



R XX (T, /xqH = 8T) 
^(T, Mo H 



= 8T) + 1 
8T) 



(11) 



A( Mo H = 8T)cxp [-T/TofoioH - 8T)] + 1 ' 

This approach necessarily recovers the measured zero- 
field resistance at high temperatures, assuming that de- 
viations from the exponential temperature dependence of 
the MR at low temperature arise from superconducting 
fluctuations. Now we are fully equipped to estimate the 
normal-state resistance for any temperature and mag- 
netic field R£ x (T, H) both close and far away from the 
transition 



R xx ( T > H) 



i£L(T,0) 



A(H)exp[-T/T (H)] + F 



(12) 



Recent studies^! of fluctuation phenomenon in high-T c 
materials have used a similar approach to describe nor- 
mal state behavior. 



1 See for example, W. J. Skocpol and M. Tinkham, Rep. 
Prog. Phys. 38, 1049 (1975), and references therein. 

2 See for example, A.I. Larkin, and A. A. Varlamov, The- 
ory of fluctuations in superconductors, (Carendon, Oxford, 
2005), and references therein. 

3 R.E. Glover, Phys. Lett. 25A, 542 (1967). 

4 L.G. Aslamazov and A.I. Larkin, Phys. Lett. 26A, 238 
(1968). 

5 K. Maki, Prog. Theor. Phys. 39, 897 (1968). 

6 R.S. Thompson, Phys. Rev. B 1, 327 (1970). 

7 A. W. Smith, T. W. Clinton, C. C. Tsuei, and C. J. Lobb, 
Phys. Rev. B 49, 12927 (1994). 

8 J. M. Graybeal, J. Luo, and W. R. White, Phys. Rev. B 
49, 12923 (1994). 

9 N. Kokubo, J. Aarts, and P. H. Kes, Phys. Rev. B 64, 
014507 (2001). 

M. A. Paalanen, A. F. Hebard, and R. R. Ruel, Phys. Rev. 
Lett. 69, 1604 (1992). 

1 S. J. Hagen, A. W. Smith, M. Rajeswari, J. L. Peng, Z. Y. 
Li, R. L. Greene, S. N. Mao, X. X. Xi, S. Bhattacharya, 
Qi Li, and C. J. Lobb, Phys. Rev. B 47, 1064 (1993). 

2 A. V. Samoilov, Phys. Rev. B 49, 1246 (1994). 

3 W. Lang, G. Heine, P. Schwab, X. Z. Wang, and D. 
Bauerle, Phys. Rev. B 49, 4209 (1994); W. Lang, G. Heine, 
W. Kula, and R. Sobolewski, Phys. Rev. B 51, 9180 (1995). 



14 W. Liu, T. W. Clinton, A. W. Smith, and C. J. Lobb, 
Phys. Rev. B 55, 11802 (1997). 

I. Puica, W. Lang, K. Siraj, J. D. Pedarnig, and D. 
Bauerle, Phys. Rev. B 79, 094522 (2009); P. Li, F.F. 
Balakirev, and R.L. Greene, Phys. Rev. Lett. 99 047003 
(2007). 

16 A. T. Dorsey, Phys. Rev. B 46, 8376 (1992). 

17 B. Y. Zhu, D. Y. Xing, Z. D. Wang, B. R. Zhao, and Z. X. 
Zhao, Phys. Rev. B 60, 3080 (1999). 

18 H. Fukuyama, H. Ebisawa, and T. Tsuzuki, 
Prog. Theor. Phys. 46, 1028 (1971). 

19 S. Ullah, and A. T. Dorsey, Phys. Rev. B 44, 262 (1991). 

20 A. G. Aronov, S. Hikami, and A. I. Larkin, Phys. Rev. B 
51, 3880 (1995). 

21 K. Char and A. Kapitulnik, Z. Phys. B 72, 253 (1988). 

22 F. Rullier-Albenque, H. Alloul, and G. Rikken, Phys. Rev. 
B 84, 014522 (2011). 

23 J. W. P. Hsu and A. Kapitulnik, Phys. Rev. B 45, 4819 
(1992). 

24 H. J. Juretschke, R. Landauer, J. A. Swanson, J. Appl. 
Phys. 27 838 (1956), R. Landauer, J. A. Swanson, IBM 
Technical Report, 1955. 

25 Efrat Shimshoni and Assa Auerbach, Phys. Rev. B 55, 9817 
(1997). 

26 C. J. Lobb, T. Clinton, A. P. Smith, P. Liu, P. Li, J. L. 



7 



Peng, R. L. Greene, M. Eddp, and C. C. Tsuei, Appl. 
Supercond. 2, 631 (1994). 

K. Michaeli, K S. Tikhonov and A. M. Finkel'stein, 

|arXiv:1203.6121| (2012), Phys. Rev. B (in press). 

K. S. Tikhonov, G. Schwiete, and A. M. Finkel'stein, Phys. 



Rev. B 85, 174527 (2012). 

see e.g. J.M. Ziman, Principles of the Theory of Solids, 
Cambridge University Press, Cambridge, 1964, p. 217 



